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ABSTRACT -

Principal results of Che Tokamak experiment simulations
with Makokot are presented. The study of the density evolution
and the temperature-density sawtooth oscillations suggest the
use of generalized anomalous fluxes. This new empirical model is
applied for TFR and JIPP T - II and some projections are given
for the JET.

I - INTRODUCTION

The computer simulation of the dynamic and stationary
behaviour of the Tokamak plasmas allows a comparison between
experimental resales and theoretical predictions by solving.equa-
tions with empirical or theoretical coefficients. The codes used
at Fontenay are called "Makokot". «hen these codes, with their
empirical hypotheses', are able to represent existing Tokamak ex-
periments, then the same hypotheses can be used for making some
prpjections to the next generation» of Tokamak.

0 resistivity ,

S S' are the particles and heat sources due to the neutrals,

£ represent an additional heating ,

V the diffusion speed ,

<j the heat flux .

Obviously we Bust add to these equations initial snd boundary con-
ditions.

c) For computing S and S't Makokot uses a Boltzmann type
equation :

Let us now briefly resume the basis of these numerical
simulations. More details are available in the following refe-
rence /!/.

a) Our model is cylindrical (I-D). Hswever theoretical
transport coefficients used in these codes are calculated in to-
roidal geometry and empirical ones take also account of the geome-
try.

b) The four equations employed are :

(2)

where q(r) is the number of neutrals undergoing a charge exchange
collision per unit of time and volume ; and ft i* the number of
particles coning from the walls.

Next with q(r) it is possible to obtain all necessary
quantities such as neutral density, neutral flux ...

d) For neutral beam heating simulation our code assumes
that the energy slowing down time is very short so that our ener-
gy deposition profile does not take account of energetic ion tra-
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jectories daring the slowing down. However such a deposition pro-
file does not agree with more sophisticated calculations (Monte
Carlo or Fokker Plank code) in the case of high, energy neutral
beam experiments. So, in that cases, we introduce in Makokot,as
a data, the beam deposition profile calculated with these codes
(Monte Carlo code for instance /2/). Note that a Fokker Plank
code is in progress. In the same way othsr type of additional
heating as the H.F heating /3/ can be taken into account.

e) The problem of impurity diffusion is investigated
either by using the coronal hypothesis either by solving all
diffusion equations for each ionization levels.

In the coronal model, it is assumed that a stationary
equilibrium is reached between the different ionization levels
for one impurity. In the full model the evolution of the density
of impurities of species j in the z. degree of ionization can
be described by :

is the source term of neutral impurities coming from
the wall

and ai2- (T« )
(dielectronic
pectively.

are the ionization and recombination
as well as radiative) coefficients res-

where W is the flux of the impurity j in the ionization level •

II - MAIS RESULTS OBTAINED WITH THESE CODES

a) The neo-classical transport theory does not allow to
explain the experimental results and it is necessary to introduce
anomalous transport coefficients. We, present the velocity diffu-
sion and the heat conduction fluxes f1 and Q in the form :

= 11 V = -X

= - If r— (7)

where the transport coefficient % and K are the sum of neo-
classical expressions and anomalous one :
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Here q is the safety factor, ffle is in cm and le is in eV.

Let us point out that more precise fitting of experimen-
tal values for X."1 seems to lead to a dépendance in term of the
totam current I (C *>» I) or, perhaps, to the total power injected
in the q < ] part of the plasma. Nevertheless this empirical ^
value is not correct at the edge of the plasma and we limit X
to the Bohm value.

In the same way, for impurities it is necessary to assume
that impurities have a similar anomalous diffusion linked to the
anomalous electron diffusion :

t-
Principally with these empirical rules, and some other less

important(for more detail* see /I/), we are able to represent most
of the experimental results. However we note some discrepancies
with the experiments :

1/ in the stationary electron density profile usually
flater than the experimental one, in spite of the use
of the Ware effect.

2/ in the calculated time to reach the stationary state,
which is always longer than the experimental one.

b) If the reiulti of the simulation of neutral beam heating
experiment are in general in good agreement with experiments,
however recent experiment» in TFR IUI have shown some discrepan-
cies with theoretical calculations. We shall investigate this
point in the section D.

c) If the use of the coronal hypothesis leads roughly to
a good agreement with experiments however in some cases it is
necessary to use the full diffusion model ; especially at the
edge of the plasma and in the centre of the plasma when the tern-



peracure exhibits an hollow profile. In chat case the impurities
diffuse too fast to be able to reach at each point a coronal
equilibrium.

d) In the plasma centre, if the q value is.less than 1, the
sawtooth oscillations appear on the electron temperature and den-
sity. Recent experimental results in TFR /4/ have suggested the
following model.

During the growth of the axis values of the temperature,
a magnetic island (m - 1) increases. This magnetic island spread
out near the surface q - 1 up to a certain critical size (with a
thickness S -v -X f (f*i) ) , and from the X point of the island
a strong turbulence spread out inside and outside the island. The
axis values of the temperature decrease about 20 to 30 Z in the
cases of strong sawtooth oscillations, and very quickly during a
time of about 10 us. Next during a time of about 10 ms the tem-
perature relaxes toward thsir initial value before a new disrup-
tion.

However during this phenomenon the axis density values
decrease very slowly compared to the temperature and it seems
that this decreasing is more important «hen the temperature gra-
dient is reversed.

In order to reproduce this experimental behaviour, it is
necessary not only to assume a strong increase of the anomalous
transport coefficient during a very short time (̂  10 us) but also
to modify the structure of the anomalous fluxes /I/. We write

(10)

fp+ r

where V and fu are related by the following relation

and with X, = A (r, t ) X. (A/t),o)v lOOO. J

where/Uot] represents the strong increase of the transport
coefficient during the first phase of the sawtooth.

With our cylindrical code the magnetic island is simulated
by a ring with a thickness £ near the surface q - I in which the
transport coefficients are kept constant during the time. In order
to reproduce the heat and particles transport through the X point
of the island we use "tunneling" conditions type (see /I/). In-
side and outside the island, the A factor is important during
the phase of temperature decreasing.

We find that experimental results are well fitted by the
y* values choosen and by the value T'Xf -(:> . This negative
value for t slowed down the decreasing of the density and when
the temperature gradient is strong the center density value may
increase (see fig. 1 ) .

C - GENERALIZED AHOMALOUS FLUXES

It is interesting to use the generalized fluxes introduced
to describe the sawtooth oscillations in order to reduce the dis-
crepancies observed between the simulation and the experiment in
the case of the density evolution. We use the expressions (10) with
X-X*" fA* I. I .We see that if the t values are less
than - 1, the peaked temperature profile induces a peaked density
profile : the electron density penetrates inside the plasma. This
phenomenon is important because the source term of density is very
weak in the plasma centre.

Two applications have been made. The first one is devoted
to a neutral beam experiment in TFR /&/• in which the average den-
sity increases from 1,22 up to 1.29 10'*cm3. He note that the
anomalous fluxes such as defined by Eqs. [ 10] with X~^-I.S" per-
mits to recover with a good agreement, in a time compatible with
the experimental one, the experimental density profile.

We have made our secc d ' .pli'^tion for the case of a gas
puffing experiment in JIPP T - : Tokanak /5/, where the average
density increases from 1.66 un to 3.86 1013 Cm3. We recover the
final density profile with Ï - - I.2S. (Voir fig. I ) .

D - EXPERIMENTS WITH NEUTRAL BEAM HEATING

As we hnve noted previously simulations of recent experi-
roenr.s in TFR have shown some n#w features. Principally a decreas
of I'.ie enr.rgy confinement time has been shown to occur during the
neutral heating.

We have simulated with different hypotheses these ex-
periments and we have compared our results with experimental
density and temperature profile as well as with the energy
balance. We sumnarize our results as follows :

a) The calculated density and temperature profile
good agreement with experiment when new expres-
sions for i and <f are used. The time to reach the
stationary state is very close of the experimental one.

b) With Ohmic heating good agreement is obtained with
the following impurity concentrations :
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c) With neutral beam heating, our results are very sen-
sitive to the energy deposition profile.WLth a depo-
sition profile less peaked than the Ohmic one (as
given by a calculation without slowing down). We
recover experimental results (density and temperature
profile and energy balance) if we assume that heavy
impurity concentration increases during the rautral
heating :

'• s 0. COO6

With a deposition profile more peaked than the Ohmic profile (as
given by Monte Carlo calculations) we recover experimental results
by assuming that the heavy impurity concentration increases and
also that the anomalous heat transport coefficients increase

0.0006
and K - i. K.

In conclusion it is likely that the reduction of the energy
confinement time is at least partially due to an increase of heavy
impurity concentration :

A ^"Pet -<j,ec<>2 ix l>o TM.

Our results show also that the interpretation of the anomalous
conduction-convection losses is very sensitive to the energy de-
position profile which is not known experimentally, but deduced
from calculation in which many unknown effects have not yet been
taken into account. However the increasing of the anomalous trans-
port coefficient seems to be in agreement with the growth of the
sawtooth oscillations observed during the neutral beam injection.

E - PROJECTION TO THE JET

Tor the Jet parameters (extended version) in Ohmic heating
and without impurity, we have evaluated a stationary state with
the two anomalous transport model (with and without X ) . As ex-
pected the essential difference stands in the density profile.
It appears that the term proportional to the temperature gradient
in P increases the density at the centre of the plasma and
decreases the density at the edge.

With high power neutral beam injection (P - 25 MW,
E * 160 Kev, pulse 2 s), we have plotted the average temperature
versus the time. Due to the different energy depnrition profile
(more peaked with peaked density profile) the ignition is achieved
with expression (10) for anomalous fluxes.
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TABLE 1

J.E.T.

- Anomalous fluxes without y -

End of the pulse

< T e N e

< N > cm'

U

q(0)

-3

7.4

7.

7.9

7.5

0.6

o.o;

keV

keV

keV

keV

10»

r
0.53

N(0)cm"3 0.65 1014

Te(O) 12.7 keV

T\(O) 15.8 keV

260 kW

T\(

7 MW

15 MM

,14

3 s later

6.4

6.

6.2

5.8

0.6 10

0.15

0.53

0.63 10

17

19

265 kW

6 MW

8 MW

- Anomalous fluxes with y -

End of the pulse 3 s later

8.4

7.7

8.9

8.1

0.6 10,14

0.06

0.52

0.73 10

13

15

250 kU

8 MM

11 MM

,14

I 11.

9.

10.5

8.8

0.6 101

0.1

0.5

0.8 101

24

25

168 kW

17 MW

13 MW

43
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